A new technique is reported for obtaining a smooth growth surface during molecular beam epitaxy growth of GaAs on (001) GaAs substrates. The smoothing is achieved by exposing the surface to an indium flux during growth of the GaAs buffer layer at high substrate temperature (590°C). In situ light scattering shows a dramatic reduction in surface roughness along the [lI0] direction during this process, consistent with ex situ scanning force microscopy measurements on the films, which reveal atomically flat terraces oriented along the <110> directions. The surface reconstruction shifts from (2 x 4) to (4 x 2) under the indium flux as revealed by reflection high-energy electron diffraction. The sticking coefficient of the indium as determined by secondary-ion mass spectroscopy is less than 10%. We attribute the observed effects to a transition from group V to group III termination, induced by surface segregation of the nonincorporated indium.
The production of high-quality InGaAs/GaAs heterostructures by molecular beam epitaxy (MBE), such as for quantum-well laser, requires atomically flat and abrupt interfaces in the grown film. This is turn imposes constraints on the allowable roughness of the growth surface during epitaxy. Before growth of the device structure, a buffer layer is typically grown to smooth the substrate after it has been cleaned by thermal desorption of the oxide [1] [2] [3] .The surface of the GaAs buffer layer grown on a (001) GaAs substrate exhibits anisotropic roughness along the [l00] direction [1, 2] .
In this paper, we report results of a new technique for reducing the surface roughness of GaAs buffer layers to an rms level of ~1Å (1Å = 10 -10 m) over a 10 x 10 µm² area. The smoothing was induced by the introduction of an indium flux during the buffer layer growth. The substrate temperature was kept sufficiently high (590°C) so that only a small fraction of the indium was incorporated into the film. To investigate the smoothing mechanism, the changes in surface roughness and __________________________________________________ 1 Author to whom all correspondence should be addressed. surface reconstruction were monitored in situ by laser light scattering (LLS) [4] [5] [6] and reflection high-energy electron diffraction (RHEED). Additional characterization of the surface morphology was carried out after growth using scanning force microscopy (SFM).
The GaAs buffer layers were grown by solid source molecular beam epitaxy on nominally on-axis (±0.5%) (001)-oriented GaAs substrates, in VG V80H MBE system. Sample preparation consisted of cleaving the 2 in (1 in = 2.54 cm) GaAs substrates into four, mounting the quarter-wafers onto molybdenum sample holders (indium-free mounting), and growing a surface oxide by exposure to UV ozone in a laminar flow hood. Prior to growth, the oxide was thermally desorbed in situ by ramping the substrate temperature to over 600°C under an As 2 flux [7] . No additional cleaning steps were performed to minimize particulate contamination of the initially clean substrates. The substrate temperature, which was monitored using diffuse reflectance spectroscopy [8] , was maintained at 590°C during growth of the buffer layer during subsequent exposure to the indium flux. The relative accuracy of the temperature measurement is ±1°C from run to run, and its absolute calibration is ±10°C [8] . The group V (As 2 ) to group III (Ga, In) flux ratio was kept at about 3.5:1 during growth as measured with an ion gauge. The growth rate was 1 µm h -1 . In Fig. 1 we show the change in the in situ light scattering signal with time, during a growth sequence consisting of [5, 6] .
The initial dramatic increase in the LLS signal, at ~15 min on the time axis in Fig. 1 , corresponds to the desorption of the surface oxide at a substrate temperature of 610°C. Following the oxide desorption the substrate temperature was stabilized at 590°C. The zero on the time axis corresponds to the start of the GaAs buffer layer. The subsequent reduction in the scattered intensity is typical of the smoothing behavior observed during buffer layer growth as the pits resulting from the desorption of the oxide are filled in [1] [2] [3] . The LLS signal is reduced by a factor of four after approximately 30 min of growth, and remains stable for the remaining 30 min of the buffer layer. Following growth of the 60 min (1µm thick) buffer layer, the indium shutter was opened. The substrate temperature was kept at 590°C. The ratio of indium to gallium atoms impinging on the growth surface was 1:4.6, which in the case of no indium desorption would result in an In x Ga 1-x As film with a composition of x = 0.18. However, secondary-ion mass spectroscopy (SIMS) measurements on this film revealed that the actual composition was x = 0.015. The rapid decrease in the scattered intensity during the exposure to indium indicates a dramatic reduction in surface roughness along the [lI0] direction. The rate at which the LLS signal decays is one order of magnitude faster during the initial GaAs growth on the oxide-desorbed surface.
In Fig. 2 we show 10 x 10 µm² SFM images of the GaAs growth surface following oxide desorption and growth of a 1.3 µm GaAs buffer layer (Fig. 2a) and growth of a 1 µm buffer layer followed by a 0.5 µm additional growth with indium exposure (Fig. 2b) . A higher resolution image (5 x 5 µm²) of the film in Fig. 2b is shown if Fig. 3 , to show the small-scale surface features more clearly. The substrate growth temperature was 590°C for both films. The samples were quenched Fig. 2a reveals the anisotropic surface morphology typical of GaAs films grown on the (001) GaAs crystal face, as has been reported earlier [1, 2] . The elongated features are aligned along the [lÎ0] direction, resulting in a surface which is rougher along [lI0] than [lÎ0]. The total rms roughness in this image is 0.9 nm, as shown in Table 1 . By comparison, the total rms roughness measured over the same spatial frequency range (0.6 -60 µm -1 ) is only 0.13 nm for the image of the indium-smoothed surface shown in Fig. 2b . Note that the grayscale range in this image is only 14% of that in Fig. 2a . The large difference in rms roughness between the two SFM images is consistent with the large drop in the LLS signal after the indium smoothing begins in Fig. 1 . Topographic scanlines across Figs. 2b and 3 of the indium-smoothed surface show that the observed features correspond to atomically flat terraces with step heights of 0.3 ± 0.1 nm. The terraces are aligned along the <110> directions of the surface. Also visible in the image is a single line running along the [lÎ0] direction. Possibly this is due to a defect in the substrate. We do not associate this line with strain-relaxation in the indiumcontaining film. For films grown with larger indium compositions, strain-relaxation is accompanied by an increase in the LLS signal [5, 6] , which is not observed here.
In Fig. 4 we show two-dimensional Fourier transforms of the SFM images. To reduce visual artifacts in these plots associated with the finite image size, the image data were multiplied by a 2D Gaussian window function prior to transforming. (Since this procedure obscures the quantitative information in the transforms, data windowing was not performed to obtain the results in Table 1 . ) The axes are oriented along the <110> crystal directions, and span a spatial frequency range of ± 40 µm -1 . The grayscale intensity represents the logarithm of the discrete Fourier transform component at e ach spatial frequency. The orientation of the crystallographic directions in Fig. 4 are the same as in Fig. 2 . The anisotropy in the transforms reflects the anisotropy observed in the real space images.
In particular the elongated features aligned along [lÎ0] in the GaAs surface produce the elongated intensity distribution aligned along [lI0] in the transform (Fig. 4a) . The two bright spots near the horizontal axis result from a periodic noise signal in the image data, due to 62Hz mechaniccal vibration during imaging (scan rate = 2 s line -1 ). The anisotropy in the image of the buffer layer exposed to indium is not as pronounced as for the GaAs surface; however, we note that the Fourier transform of this image is more intense along (Fig. 4b) . The thin faint line running along [lI0] is due solely to the single defect line in the image. These lines were not observed in transforms of images that did not contain defects. The rms roughness along each <110> direction, calculated from the Fourier transforms of the SFM images, are given in Table 1 . The mean square surface roughness along a given direction is equal to the integral of the power spectral density along that direction, where the power spectral density is the square of the Fourier transform [9, 10] . Hence the onedimensional mean square roughness is calculated by squaring each spectral component of the discrete Fourier transform, and summing these components along the chosen direction. The total two-dimensional roughness is computed by summing over all directions. For the results in Table 1 , the sum for both 1D and 2D roughness values is over the spectral range 0.6-60 µm -1 . From the SFM measurements, the 2D rms roughness of the indium-smoothed film is only 15% of that of the GaAs layer grown without indium. In addition to this overall reduction in surface roughness, the anisotropy in the surface roughness has changed under the indium flux. For the GaAs layer in Fig. 2a In Fig. 5 we show RHEED patterns acquired in situ during [110]
growth of the initial GaAs buffer layer (Fig. 5a ) and the indium-smoothed layer (Fig. 5b) , for the sample presented in Fig. 1 . The results in Fig. 5a taken along both <110> directions are typical of the RHEED patterns acquired during GaAs growth on GaAs substrates, and indicate that the surface is group V (arsenic) terminated, with a (2 x 4) reconstruction [11] . After the indium shutter was opened, the symmetry of the surface reconstruction reversed, as shown by the reversal in symmetry of the RHEED patterns between Figs. 5a and 5b. Figure 5b shows a periodicity in the [lI0] direction equal to four times the bulk periodicity of the unreconstructed GaAs unit cell whereas the periodicity along [lÎ0] is twice that of the GaAs unit cell. These results show that with indium the surface reconstruction switches to (4 x 2), which is typical of group-IIIterminated GaAs. The same effect was observed in a similar film grown with a fivefold increase in the As 2 flux. Hence the transition is not simply the result of a change in the group V to group III flux ratio, but is specifically related to the introduction of the indium flux. Furthermore we observed that the (4 x 2) pattern reverts back to (2 x 4) if the growth is interrupted: a continuous flux of indium is required to maintain the (4 x 2) reconstruction.
We attribute the observed transition of the surface reconstruction and subsequent smoothing to an effect associated with the surface segregation of indium atoms. Indium surface segregation is known to occur during growth of InGaAs/GaAs layers at high temperature [12, 13] . From SIMS, we know that only 1 in 12 of the incoming indium atoms was incorporated into the indium-smoothed film. We propose that during the desorption process the indium atoms, which segregate from the bulk, keep the surface indium-terminated. The rapid decrease in surface roughness indicates that the overall surface diffusion on the indium-terminated surface is much higher than on the arsenic-terminated surface. The 90° rotation of the "rough" direction, as manifested in the Fourier transforms of Fig. 3 . presumably results from the 90° rotation in the surface reconstruction associated with the transition from group V to group III termination. It is likely that the direction of easiest diffusion rotates with the reconstruction, switching from [lÎ0] (the smooth direction in the initial GaAs film) to [lI0]. This would explain the anisotropic nature of the observed smoothing. From the SFM results in Table 1 , we note that the rms roughness along [lI0] is 20 times smaller for the indiumsmoothed sample that the GaAs buffer layer grown without indium. By comparison the [lÎ0]roughness in only three times smaller for the indium-smoothed surface.
In conclusion, we have demonstrated that introducing an indium flux during GaAs buffer-layer growth produces a growth surface that is nearly an order of magnitude smoother S53 than a conventional GaAs buffer layer grown without indium at the same temperature (590°C). In situ light scattering and ex situ SFM measurements reveal that the exposure to indium results in rapid smoothing of the growth surface. An indiumsmoothed surface studied by SFM consisted of atomically flat terraces oriented along the <110> directions and had 1.3Å of total surface roughness in the spatial frequency range 0.6-60 µm -1 . The indium composition of this film was only 1.5% as determined by SIMS. The smoothing is believed to be associated with indium surface segregation, which results in a transition from a (2 x 4) arsenic-terminated surface to a (4 x 2) indium-terminated surface as shown by RHEED. The surface mobility on the indium-terminated surface is presumably much higher that on an arsenic-terminated growth surface.
